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ABSTRACT
Observations of X-ray flares from Gamma Ray Bursts (GRBs) imply strong constraints
on possible physical models. We provide a general discussion of these. In particular, we
show that in order to account for the relatively flat and weak optical flux during the
X-ray flares, the size of the emitting region should be . 3 × 1014cm. The bolometric
luminosity of flares also strongly constrain the energy budget, and are inconsistent
with late time activity of a central engine powered by the spin-down of a magnetar.
We provide a simple toy model according to which flares are produced by an outflow
of modest Lorentz factor (a few tens instead of hundreds) that is launched more or less
simultaneously with the highly relativistic jet which produced the prompt gamma-ray
emission. The “slower” moving outflow produces the flare as it reaches its photosphere.
If the X-ray flare jets are structured, the existence of such a component may naturally
resolve the observational challenges imposed by flares, outlined in this work.
Key words: gamma-ray burst: general
1 INTRODUCTION
Early X-ray light-curves of Gamma Ray Bursts (GRBs)
present complex temporal behaviour. Specifically, in many
GRBs the initial light-curve falls very steeply (this is known
as the “steep decay” phase) and then exhibits a very shal-
low declining phase (“the plateau”) before settling at the
“regular” (F ∼ t−1.5) decay expected from the external for-
ward shock. One of the most interesting features in these
light-curves is the occurrence of “X-ray flares” in approxi-
mately 1/3 of GRBs (Burrows et al. 2005; Falcone et al.
2007; Chincarini et al. 2010; Margutti et al. 2011). These
flares occur between 30− 105sec after the burst trigger, ex-
hibit significant re-brightening (up to a factor of 500 in some
cases) and are associated with the release of large isotropic
equivalent energies (for the early time flares, on average 0.1
of the energy released during the prompt, and in some cases
comparable). On average, these flares last ∼ 0.2tf where tf
is the time of the flare’s onset, after which the light-curve
goes back to the same temporal and spectral fluxes exhib-
ited right before the flares. The existence of an underlying
continuum with the same slopes before and after the flaring
activity as well as the flares’ highly variable nature, makes
it highly unlikely that flares are produced by the same com-
ponent as the continuum emission dominating before and
after each flare, i.e. the forward external shock. Therefore,
? E-mail:paz.beniamini@gmail.com
the flares are likely the result of the same mechanism pro-
ducing the prompt emission.
All this has led previous authors to consider the possi-
bility that flares are produced by prolonged activity of the
GRB central engine (Burrows et al. 2005; Fan & Wei 2005;
Zhang et al. 2006). This activity, up to 105sec after the
trigger is non-trivial to understand in the context of black
holes and provides some support for magnetar central en-
gines for GRBs (Kluniak & Ruderman 1998; Dai et al.
2006). Nonetheless, there have also been several proposals
to generate flares within the black hole central engine mod-
els,(see e.g. King et al. 2005; Perna et al. 2006; Proga
& Zhang 2006; Lee et al. 2009; Cao et al. 2014). In the
present work we are not limiting ourselves to a specific cen-
tral engine model, although some of the “challenges” below,
turn out to be more limiting for magnetars than for black
holes.
2 MOTIVATION
We outline a number of challenges that must be resolved in
any model that attempts to explain X-ray flares.
(i) There is a broad range of typical flare time-scales. In
addition, these times are generally much longer than the
prompt variability time-scale. Any model attempting to ex-
plain flares, should be able to reproduce this range of time-
scales. This is non-trivial; for instance, in the magnetar sce-
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nario the natural time-scale would be the magnetar spin
down time. If this time is associated with either the prompt
or the flares, it would not be able to account for the other.
(ii) While strong flares are regularly observed in X-rays,
no strong flaring behaviour is observed in the optical band
at the same time (e.g., Swenson 2013). This implies that
the spectral slope of the flare emission between these two
bands must be very hard. Upper limits on the optical flux
at a few tens up to a few hundreds of seconds, are typi-
cally between 0.1mJy and 5mJy (at ∼ 2eV ) (Santana &
Kumar 2015; Troja et al. 2015). Specifically, Santana &
Kumar (2015), study 8 flares selected for their brightness
in X-rays, showing that in all these flares the spectral slopes
between the optical and X-ray bands, should be harder than
Fν ∼ ν0.7 in order not to over produce optical radiation as
compared with observations. This significantly limits possi-
ble emission models for the flares, and in particular implies
that in order for synchrotron models (either in the slow or
fast cooling regimes) to be viable, the spectrum has to be-
come self absorbed somewhere between optical and X-rays,
and the spectral slope below this frequency should become
much harder. A similar situation occurs during the prompt
phase and has been used to significantly limit the possible
emission mechanism of the prompt GRB and the jet compo-
sition at the emission site (Shen & Zhang 2009; Beniamini
& Piran 2014; Kumar & Zhang 2014).
For the case of slow cooling synchrotron, even a self ab-
sorption break at ν0 ∼ 3νopt (where νopt is the frequency of
the optical band) is typically sufficient to suppress the opti-
cal flux below the observed limits during the flares starting
at tf ≈ 300sec We note that in the fast cooling regime, the
extrapolated flux below the X-ray band increases and there-
fore also the required ν0 to sufficiently suppress the optical
flux, increases. However, by definition, the quantity: F0/ν
α
0
(where α is the spectral slope below the self absorption fre-
quency) will remain constant in this process, thus leaving the
upper limits on the radius given by Eq. 3 unchanged. For
the synchrotron self absorption frequency, νSA, to be larger
than ν0, the maximum allowed radius where the radiation
is produces is given by:
2ν2SA
c2
γe(νSA)Γmec
2 R
2
4Γ2d2L
6 Fobs(νX)
(
νSA
νX
)1/3
(1)
where Γ is the Lorentz factor of the matter producing the
flare, Fobs(νX) is the observed specific flux at νX = 2keV
during the flares starting at 300sec (Santana & Kumar
2015), dL is the luminosity distance and γe(νSA) is the typ-
ical thermal Lorentz factors of the electrons radiating syn-
chrotron at νSA and is given by:
γe(νSA) =
(
2pimecνSA
ΓqB′
)1/2
=
(√
2pimec
3/2νSA
√
1 + σR
q
√
L
√
σ
)1/2
(2)
where B′ is the magnetic field in the jet frame and in the
last transition it has been related to the jet luminosity, L,
the radius, R and the magnetization σ (the relative energy
density in magnetic fields compared to that in particles).
This leads to:
R < 3.4×1014
(
Fobs(νX)
10mJy
)0.4(
Γ
100
)0.4
d0.8L,28L
0.1
50
(
σ
1 + σ
)0.1
cm
(3)
where L50 = L/10
50ergs/sec and dL,28 = dL/10
28cm. This
consideration therefore significantly limits the allowed ra-
dius for producing the flares. This upper limit can be-
come even smaller in case particles are accelerated in shocks
(which is likely for Baryonic jets) to form a non-thermal
spectrum above some minimum Lorentz factor γm. In this
case γe(νSA) in Eq. 2 is replaced by max(γe(νSA), γm) and
the limit on R could be decreased. In addition, PIC sim-
ulations suggest that locally the magnetic field may be
significantly weaker than the equipartition value for shock
acceleration of particles (Sironi & Spitkovsky 2011). This
would require slightly hotter electrons (since from Eq. 2,
γe(νSA) ∝ σ−1/4) and would imply smaller radii given the
same observed flux. The limits on radius and Lorentz factor
are shown in Fig. 1, in comparison with the radius deter-
mined by the variability time scale for a flare starting at
300sec. In case the emission radius is set by the latter, the
Lorentz factor of the flare producing material is also signif-
icantly constrained by this consideration, to be . 20.
(iii) In the magnetar model, the energy source for the
flares would be the rotational energy of the magnetar. How-
ever, the magnetar is expected to spin down very fast, lead-
ing to a decrease in the available energy for flares (which
would become more severe for flares emitted at later times).
For a general spin-down mechanism with a braking index of
n, the energy goes down as E ∼ t 21−n , which for dipole ra-
diation implies E ∼ t−1. The energy in flares, indeed seems
to be falling down in time (at least initially), although at
a somewhat different rate: Margutti et al. (2011) show
that E ∼ t−1.7 for flares that start up to ∼ 1000sec and
E ∼ const for flares between 1000sec and 105sec. However,
the real problem is that the breaking index (n) should be
∼ 1.7 in order for the magnetar model to be able to explain
the rapid decline phase of the X-ray light-curves (Tagliaferri
2005), seen between ∼ 102 − 103sec. In other words, one
needs E ∝ t−3 or faster to explain the X-ray steep decline
up to ∼ 1000sec after the trigger, but in that case the ro-
tational energy in the magnetar is too little to explain the
late time flares.
(iv) A related issue has to do with the energy required for
the jet to carve out a cavity through the polar region of the
GRB progenitor star. The energy required for this process
is likely very large (e.g Woosley et al. 1993; MacFadyen &
Woosley 1999; Ramirez-Ruiz et al. 2002; Matzner 2003;
Bromberg & Tchekhovskoy 2015). Therefore, if the central
engine stops operating after producing the prompt gamma-
rays and then restarts at ∼ 300sec or later, the polar cavity
opened by the prompt jet would have already closed and the
flare material would have to re-open this cavity. It would
therefore have to be initially significantly more energetic as
compared with estimates based on the flux eventually emit-
ted during the flares (which are already huge and highly
constraining, as mentioned above).
3 THE BASIC MODEL
Motivated by the considerations discussed in §2, in partic-
ular X-rays being produced close to the photosphere and
the difficulty of reopening the polar cavity if the X-ray jet
is launched after a period of central engine inactivity, we
present a model for X-ray flares where the central engine
activity is confined to a short time period of order less than
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Figure 1. Upper limit on the radius assuming synchrotron emission and requiring that the optical flux is sufficiently suppressed below
the observed limits (solid line). This upper limit may be smaller for Baryonic jets (see §2 for details). In comparison we plot also the radius
given by the variability time-scale for a flare starting at 300sec with a variability ∆t ≈ 60sec (dashed line), and the photospheric radius
(considered to produce the flares in this paper) assuming Lf = 10
50ergs/sec and σ = 1 (dot dashed line). In many models (including
the one considered in this paper) the second of these radii determines the radius of emission for the flares of given variability. In such
cases the Lorentz factor of the flare emitting material is significantly limited to Γ . 20 (for flares starting at 300sec). In addition we
see from the intersection of the dashed and dot-dashed lines that the radius considered in this paper is consistent with the limits from
synchrotron self-absorption even for σ = 1 (for larger σ the radius decreases as R ∝ (1 + σ)−1).
102sec. We consider a scenario in which the prompt emis-
sion and flare(s) are emitted from the photospheric radius.
In our model, both the material producing the prompt phase
of the emission and that producing the flare(s) are ejected
from the central engine at the same time, but with differ-
ent velocities. The fast material produces the prompt phase
of the emission as it reaches its photosphere, whereas the
slower material eventually dissipates its energy and produces
the flare(s) as it reaches its own (further out) photosphere.
Due to the steep dependence of the photosphere (and the
corresponding observed time-scale for the emission) on the
Lorentz factor of the material, a variation in the Lorentz
factor by less than an order of magnitude is likely to be suf-
ficient to account for the large difference in the prompt vs.
flare typical variability time-scales. This model may natu-
rally resolve the challenges presented above associated with
producing flares:
(i) The different time-scales associated with the onset and
duration of the prompt and flares, are naturally reproduced
from a single time-scale at the source.
(ii) The small radius from which the flares are emitted
enables the optical radiation to be sufficiently suppressed
below detection level, consistent with observations.
(iii) Since the flare emitting material is ejected together
with or just after the prompt emitting material, there is
sufficient energy in the magnetar at the time of ejection to
produce the flare.
(iv) The fact that the flare emitting material is ejected to-
gether with the prompt emitting material, implies also that
the former can pass more easily through the surrounding
environment, and does not have to invest large amounts of
energy just to re-open the cavity in order to punch through
the surface of the progenitor star, as is the case for models
invoking late time activity for the central engine.
4 EMISSION RADII, TIME-SCALES AND
SPECTRA
Consider a jet moving at a Lorentz factor of Γ. The jet
luminosity is given by:
L = (1 + σ)ΓM˙c2 (4)
where M˙ is the mass loss rate. The optical depth to Compton
scatterings is given by:
τ ≈ n′σT R
Γ
=
M˙
4piΓR2cmp
σTR
Γ
=
LσT
(1 + σ)4piRc3mpΓ3
(5)
where n′ is the jet density in the co-moving frame and where
we have made use of Eq. 4. The optical depth decreases with
increasing radius until it reaches τ = 1 at the photosphere,
which we assume as the radius of emission (see Fig. 1). The
emission radius in this model may be slightly below the pho-
tosphere, as in any case the radiation will be trapped up until
the photospheric radius. However, dissipation cannot occur
much below this radius, since in this case the jet could suffer
significant adiabatic losses between the dissipation and emis-
sion radii, leading to greatly increased requirements on the
energy source and resulting in a significant re-brightening of
the afterglow, contrary to observations. Assuming that the
shell contributing to the radiation is narrow (∆R < R/Γ2),
emission from this radius would last for:
∆t =
R
2cΓ2
=
LσT
(1 + σ)8pic4mpΓ5
. (6)
Notice that this time depends very strongly on Γ, implying
a large range of variability times, from the shortest flares to
c© 2002 RAS, MNRAS 000, 1–??
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the longest ones, would be obtained from a relatively narrow
distribution in Γ (this would also imply the same underly-
ing mechanism producing the prompt and flares’ variabili-
ties). We note that it is very natural to expect a distribution
of Lorentz factors in the flow, since it is unlikely that the
flow would be very regular. Assuming that both the prompt
phase and the flares are produced from their corresponding
photospheres, Eq. 6, implies that:
∆tflare
∆tGRB
=
(
Lf
LGRB
)(
1 + σGRB
1 + σf
)(
ΓGRB
Γf
)5
, (7)
where the sub-script “GRB” refers to the parameters for the
material creating the prompt emission and the sub-script
“f” to the same parameters for the flare emitting mate-
rial. As an example, for a flare starting at ∼ 300sec, with
∆tflare ≈ 60sec, Lf ≈ 0.01LGRB a decrease in Γ by a factor
of ∼ 6 (for the same magnetization) is sufficient to obtain a
∆tflare ≈ 60∆tGRB ≈ 60sec. Due to the strong dependence
on Γ, the qualitative result will hold even if the magneti-
zation is quite different for the different materials. In addi-
tion, since the flare emitting material was emitted at early
times, roughly together with the prompt emitting material,
a magnetar source would still have sufficient rotational en-
ergy during the launching phase to power the observed flare
energies (see §2).
Finally, consider the spectrum below the X-ray band.
Since we are considering photospheric emission, the emitting
region is compact and the spectrum in our model is likely
to be self absorbed above the optical band. Keeping the
emission mechanism general, νSA, satisfies:
2ν2SA
c2
γeΓmec
2 R
2
4Γ2d2L
= Fobs(νSA) (8)
where γe is the typical thermal Lorentz factor of the emitting
electrons and Fobs(νSA) is the observed flux at νSA. The
largest possible radius where the emission can be produced
and still become self-absorbed in the optical band is the
photospheric radius. Plugging this into the equation above
implies:
νSA>2× 1015
(
Fobs(νSA)
mJy
)0.5
(1 + σf )
0.3L−0.3f,50 γ
−0.5
e dL,28Hz
(9)
where we have used ∆tflare ≈ 60sec typical for a flare start-
ing at 300sec to obtain a lower limit on Γf . Given the large
expected value of σf , Eq. 9 implies that the spectrum is very
likely self absorbed above the optical band (as required by
observations) even if the electrons producing the radiation
have quite large γe. Specifically, we note that this holds for
the case of synchrotron emission, as can be seen from Eq. 3
and Fig. 1. Note however, that though necessary, this con-
sideration is not sufficient. It is possible that even if the ra-
diation is produced at τ > 1, the spectrum below νSA can be
flat due to the effect of IC scatterings (Thompson et al. 1994;
Ghisellini and Celotti 1999; Me´sza´ros & Rees 2000, etc.).
This condition should therefore be self-consistently verified
for any detailed model attempting to explain GRB flares.
5 IMPLICATIONS ON THE DISTRIBUTION
OF VELOCITIES IN THE JET
Given the distribution of flare luminosity with time, we can
determine the required distribution of jet luminosity as a
function of Γ, within the model proposed in this paper.
The observed distribution is approximately (Margutti et al.
2011):
L(t) ∝

t−2.7 t . 1000 sec
t−1 t & 1000 sec
(10)
In our model, we have L(t) ∝ t(1 + σ)Γ5, leading to:
L(Γ) ∝

(1 + σ)0.73Γ3.65 Γ & Γmin
(1 + σ)0.5Γ2.5 Γ . Γmin
(11)
6 CONCLUSIONS
Observations of GRB flares strongly constrain the possible
models. Specifically, models should be able to explain the
broad range of typical observed time-scales and the strong
suppression of the optical compared to the X-ray flux. Al-
though a synchrotron origin for the observed X-ray emission
cannot be ruled out by the data, the relative lack of optical
to X-ray flux implies a self absorbed source below ∼ 10eV ,
leading to a small emission radius: R . 3 × 1014cm and
also a relatively small Lorentz factor, in case the radius is
set by the variability time-scale (Γ . 20 for a flare start-
ing at ∼ 300sec). In addition flare models should be able
to account for the considerable amounts of energies to be
released as late flares (which poses a difficulty for the late
time central engine activity model that invokes a rapidly ro-
tating magnetar) and have enough energy not only to power
the observed flare but also to allow the flare emitting jet (or
outflow) to punch through the progenitor star.
We have considered a model in which X-ray flares and
prompt GRB radiation have a common central engine. We
suggested that both the material producing the prompt
GRB and that producing the flare(s) are ejected from the
central engine at more or less the same time but at differ-
ent speeds. The fast outflow produces the prompt GRB as it
reaches its photosphere, whereas the slower material eventu-
ally produces the flare(s) as it reaches its own (further out)
photosphere. Due to the steep dependence of the observed
time-scale in this model on the Lorentz factor of the mate-
rial, a small variation in the Lorentz factor can account for
the large difference in the prompt vs. flare typical variabil-
ity time-scales. The small emission radius in this model can
allow for self absorbed spectra at the optical band. In addi-
tion, since the flare jet is produced at an early time, there is
still a large energy reservoir available at that time. Finally
the flare material follows on the tail end of the prompt jet,
before the polar cavity of the star has closed, and so can
break out through the surface of the GRB progenitor star
with little expenditure of energy.
Another important test for any model attempting to
explain late time flares regards their observed steep decays.
In models in which the flare variability is associated with
the angular time-scale, one can expect the decay to be dom-
inated by high latitude emission (Fν ∝ ν−βt−2−β where β is
c© 2002 RAS, MNRAS 000, 1–??
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the spectral slope). However, observationally, the decays are
much steeper, with decay slopes between -10 and -100 even
after correcting for the most conservative value of the “zero
time”, t0 (Uhm & Zhang 2015). One of the ways that a very
fast decay (including, potentially, an exponential decay) of
the X-ray light-curve may arise in the model proposed here,
is if the angular size of the X-ray flare jet is . 1/Γ. This is
natural to expect in our model since the flare jet Lorentz fac-
tor is of order ∼ 10 (Fig. 1) and its angular size is set by the
size of the polar cavity in the progenitor star that the high
Lorentz factor (and high luminosity) gamma-ray producing
jet had carved out (which we know from observations to be
of order 5◦ − 10◦). Since in this case there is very little ra-
diation produced at latitudes > 1/Γ, the light-curve’s slope
due to high-latitude emission is not limited to 2 + β, and
in fact, the flux could fall off much more rapidly. The exact
shape of the light-curve will depend on the angular spread
of energies within the flare producing jet, dE/dΩ, on the
Lorentz factor at different directions, Γ(θ) and on the rate
of jet energy dissipation below the Thomson photosphere at
different radii and angles. A further test for the applicability
of such models would be to perform a detailed calculation
of the expected light-curves from these models and compare
the results against the observed light-curves.
Finally, we remark that although they have different
energetics and time-scales, flares share many similarities
with prompt GRB pulses, such as “fast rise - exponential
decay” time profiles (Curran et al. 2008), a pulse width
that decreases with the observed frequency as approximately
W ∼ ν−0.5 (Chincarini et al. 2010) and a correlation be-
tween peak frequency and luminosity (Margutti et al. 2010).
This suggests that either these effects are purely dynamical
(see e.g. Beniamini & Granot 2015) or else GRB pulses and
flares share a common radiation mechanism. A better un-
derstanding of GRB flares could shed some light on the yet
unknown prompt emission mechanism.
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